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1.0 PROJECT BACKGROUND 

Ammonium perchlorate (N�CI04) has been used for several decades in the United States as an oxidant 

in solid propellants and explosives. It is the primary oxidant used in many rocket motors and boosters, 

such as those powering the space shuttle and intercontinental ballistic missiles (ICBMs). For example, a 

single rocket booster for the space shuttle contains approximately 350,000 kg of ammonium perchlorate. 

Various perchlorate salts (e.g., ammonium, potassium, and magnesium perchlorate) are also used in 

flares, fireworks, matches, and air bags as well as in leather tanning, electroplating, and for ionic strength 

adjustment in analytical chemistry (Gulick et aI., 2001; USEPA, 2001a). Perchlorate is also present in a 

naturally-occurring nitrate formation that is mined in Chile (Chilean caliche) for use in some agricultural 

fertilizers (USEPA, 2001b). However, a majority of fertilizers used in the United States are not produced 

with this material and do not appear to contain environmentally significant levels of perchlorate (Renner, 

2001). Rather, the primary sources of soil and groundwater contamination with perchlorate are related to 

the production of the compound for aerospace and military applications, the testing of rockets and 

munitions, and the periodic removal and replacement of solid fuels in rockets. The latter procedure, 

which is referred to as hog out, is required because solid perchlorate fuels have a limited shelf life and 

must be periodically removed and replaced. During the hog out procedure, solid propellant is initially 

washed from the missile or rocket casing using high-pressure water, then the solid fuel is replaced or the 

casing is discarded. The wastewater resulting from this operation contains high concentrations of 

perchlorate and other salts. The improper disposal of this wastewater as well as the disposal techniques 

traditionally used during manufacturing and testing has resulted in substantial perchlorate contamination 

in several states including Texas, California, Utah, New Mexico, and Nevada. 

A sensitive detection method for perchlorate was developed by the California Department of 

Health Services (CDHS) in 1997 (CDHS, 1997). Because this technique has only been available for a 

few years, the total scope of perchlorate contamination in the United States is not yet known. However, 

perchlorate has now been detected in 14 states, and current estimates suggest that the drinking water of as 

many as 15 million people may be impacted by this compound (USEPA, 1999; Logan, 2001). For 

example, as of April 2002, CDHS had sampled 629 public water systems in California and found 69 (11 

%) with detectable perchlorate (> 4 J.1g/L) (CDHS, 2002a). Of the 3,864 non-public drinking water 

sources tested by the agency, 246 (6.4%) tested positive for the oxidant. Perchlorate has been 

manufactured or used in at least 44 states nationwide, so groundwater pollution may extend beyond recent 

reports (USEPA, 2001a; USEPA, 2002b). There is currently no federal action level for perchlorate in 

groundwater. However, several states, including Arizona, California, Nevada, and Texas have set 

provisional action levels ranging from 4 to 31 J.1g/L (Ppb), and site-specific clean-up levels of 1.5 J.1g/L 

and below have been set by regulators. Based on results from a draft toxicological document prepared by 
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the USEPA, CDHS recently lowered the action level for perchlorate in groundwater from 18 Jlg/L to 4 

Jlg/L (CDHS, 2002b; USEPA, 2002a). Perchlorate has also been placed on the USEPA Unregulated 

Contaminant Monitoring Regulation list (UCMR) and Contaminant Candidate List (CCL) for regulatory 

consideration (USEP A, 2000). 

The potential human health risks of ammonium perchlorate are based largely on the ability of the 

perchlorate anion to inhibit the transport of iodide into the thyroid gland (Wolff, 1998). Because iodide 

regulates the synthesis of thyroid hormone (T2), exposure to perchlorate can disrupt T2 regulation, and 

subsequently influence levels of thyroxine (T4) and thyroid-stimulating hormone (TSH) (OEHHA, 2002). 

The levels these two hormones are regulated in a feedback loop with T2. Because perchlorate salts 

disrupt iodide uptake, they have been used therapeutically in large doses to treat hyperthyroid conditions, 

such as that resulting from Graves' disease. Although a variety of different studies have been conducted 

during the past several years to evaluate the influence of perchlorate on human health (e.g., Lawrence et 

ai., 2000; 2001, Lamm and Doemland, 1999), many questions remain concerning the risks of low levels 

of perchlorate exposure to humans through drinking water. The EPA has recently reevaluated the human 

health risks associated with perchlorate contamination (USEPA, 2002a). At the writing of this report, the 

EPA risk assessment document is still undergoing review. However, a draft reference dose (RID) of 0.03 

Jlglkg/d was proposed in this document to ensure public protection from adverse effects of perchlorate in 

water over a lifetime. This value, which corresponds to a drinking water concentration of only 1 Jlg/L, is 

approximately 30-fold lower than the RID proposed by EPA in a previous toxicological document in 

1998 (0.9 Jlglkg/d) (USEPA, 1998; CDHS, 2002b). The revised reference dose reflects new data 

concerning perchlorate toxicity, the need to protect the most sensitive populations, including pregnant 

women and their unborn children, and a level of uncertainty spanning about one order of magnitude based 

on current data gaps (USEP A, 2002b). 

In addition to human health issues, perchlorate is anticipated to have toxicological effects on 

various terrestrial and aquatic species, including rodents, fish, and amphibians (York et ai., 2001; Smith et 

ai., 2001; Manzon and Y ouson, 1997). Perchlorate is known to influence metamorphosis, so amphibians, 

may be particularly sensitive to this compound. For example, Goleman et ai. (2002) recently reported 

that perchlorate concentrations in the part-per-billion range caused significant impacts on forelimb 

emergence, tail resorption, and hindlimb growth in frogs (Xenopus laevis) undergoing metamorphosis. 

The compound, however, exhibited low toxicity to eggs and larvae of this species (LCso = 223 to 510 

mglkg). Although research is ongoing, the current database concerning the ecological impacts of 

environmentally-relevant concentrations of perchlorate is sparse. Thus, the environmental and human 

health effects resulting from long-term exposure to low levels of perchlorate remain somewhat unclear at 

the current time. 
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Perchlorate salts are highly soluble in water (e.g., ammonium perchlorate is soluble to - 200 gIL) 

and dissociate completely. The resulting perchlorate anion is nonvolatile, highly mobile, and chemically 

stable in aqueous systems under normal conditions present in ground and surface water. As a result, in 

areas where substantial quantities of perchlorate salts have been discarded, expansive groundwater 

plumes of perchlorate are often observed. Because of its physical characteristics (i.e., low reactivity, low 

volatility, high solubility), water treatment technologies including ultrafiltration, air-stripping, carbon 

adsorption, and advanced oxidation are not effective options for perchlorate removal from groundwater 

(Damian and Pontius, 1999; Logan, 1998; USEPA, 200l a). Ion exchange using one or more selective 

resins is a viable approach for removing low concentrations of perchlorate from water (e.g., Gu et aI., 

2000; 2002). However, the perchlorate anion is not destroyed during the ion exchange process, but rather 

is reversibly bound to the resin. The exchange resins eventually become saturated with the perchlorate 

(and other anions which also bind to the resin) and must then be replaced or regenerated using a high 

strength salt solution (Urbansky, 1998; Logan, 2001). If the latter procedure is used, the waste brine from 

the regeneration procedure contains concentrated perchlorate, which then must undergo additional 

treatment or disposal. 

Unlike abiotic approaches, biological treatment represents a promlsmg technology for the 

effective and economical removal of perchlorate from water (Logan, 2001; Urbansky, 1998). A number 

of bacteria have been isolated which are able to degrade perchlorate to the harmless products chloride and 

water (Rikken et aI., 1996; Wallace et aI., 1996; Coates et aI., 1999; Achenbach et aI., 2001). These 

bacteria grow through anaerobic respiration. During this process, the bacteria require an organic or 

inorganic electron donor (e.g., ethanol, acetate, hydrogen gas) for growth and utilize the perchlorate 

molecule as a terminal electron acceptor. A perchlorate reductase enzyme appears to catalyze an initial 

two-step reduction of perchlorate (CI04) to chlorate (CI03) and then chlorite (CI02) (Kengen et aI., 

1999). The chlorite is then further reduced by the enzyme chlorite dismutase to chloride (Cn and oxygen 

(02) (van Ginkel et aI., 1996). Thus, microbial degradation of perchlorate yields two innocuous products, 

chloride and oxygen. Perchlorate respiration is similar to denitrification, where bacteria utilize a substrate 

and reduce nitrate as the terminal electron acceptor to nitrogen gas. 

Ex situ biological treatment systems have been successfully developed at full-scale to treat 

perchlorate-contaminated water. Electron donors, such as ethanol and acetate, are supplied to perchlorate 

reducing bacteria in these reactors to promote biological reduction of the propellant. An initial bioreactor 

design was developed and tested in the early 1990s by researchers at Tyndall Air Force Base to treat 

heavily contaminated wastewater from hog out and other operations. This stirred-tank reactor utilizes the 

bacterium Wolinella succinogenes HAP-l for perchlorate reduction (Attaway and Smith, 1994; Hurley et 

aI, 1996). This design works well for low-flow, high-concentration perchlorate wastes, and has been 
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applied at full-scale for this application. However, the reactor is not well-suited for high-flow 

groundwater applications, where perchlorate concentrations are likely to be in the J.1g/L (Ppb) to low mg/L 

(ppm) range, and flow rates of thousands of gallons per minute may be required. Other bioreactor 

designs, including packed bed reactors (Miller and Logan, 2000; Wallace et aI., 1998; Logan, 2001) and 

fluidized bed reactors (Green and Pitre, 1999; Hatzinger et aI., 2000; 2002) have subsequently been 

developed specifically for treatment of low levels of perchlorate in high-flow groundwater applications. 

Three commercial-scale fluidized bed reactors are currently treating perchlorate in groundwater at flow 

rates ranging from 50 to 4,000 gallons per minute (Hatzinger et aI., 2002). 

The success of ex situ biological treatment of perchlorate suggests that in situ treatment through 

electron donor addition may also be possible. For this technology to be successful, however, perchlorate 

reducing bacteria must be present in contaminated aquifers, and these bacteria must be stimulated to 

degrade perchlorate from existing levels to below state regulatory levels (e.g., < 4 J.1g/L in California). A 

few recent papers suggest that perchlorate reducing bacteria are naturally-occurring in various 

environments, including soils, sludges, raw wastewater, and farm animal waste (Coates et aI., 1999; Wu 

et aI., 2001). However, few data exist concerning the presence and distribution of perchlorate reducing 

bacteria in groundwater aquifers. In addition, the most effective substrates to stimulate perchlorate 

reduction by these organisms have not been determined nor have geochemical factors that may influence 

this process. The key to utilizing perchlorate reducing bacteria for in situ remediation is understanding the 

conditions that limit their activity in subsurface environments and then devising effective technologies to 

overcome these limitations and subsequently stimulate perchlorate degradation. To date, little research 

has been conducted to develop an in situ technology for perchlorate bioremediation. The assessment and 

development of such a technology is the goal of this SERDP project. 

This project was a collaborative effort between scientists at Envirogen Inc. (Envirogen) in 

Lawrenceville, NJ and the Indian Head Division, Naval Surface Warfare Center, Naval Sea Systems 

Command in Indian Head, Maryland. Envirogen is a leader in developing in situ and ex situ treatment 

technologies for hazardous wastes, and has constructed three full-scale ex situ reactor systems for 

perchlorate treatment. Scientists at Envirogen conducted microcosm, column, and pure culture studies to 

provide a better understanding of perchlorate biodegradation in subsurface aquifers and developed a 

mathematical model to describe the kinetics of perchlorate biodegradation in the presence of competing 

electron acceptors. The scientists and engineers at rnDIV have a comprehensive understanding of the 

chemistry, analysis, and military applications of ammonium perchlorate, as this compound has been used 

at rnDIV for more than 50 years to prepare solid rocket propellants. The researchers at rnDIV developed 

an improved method for perchlorate analysis in saline environments, provided field samples for use in 

laboratory studies, and are currently funding a field demonstration of in situ perchlorate treatment as part 
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of the technology transfer scope of this SERDP project. The collaboration between researchers at 

Envirogen and IHDN has rapidly lead to an improved understanding of perchlorate biodegradation in 

subsurface environments. This research is now being used to develop and test effective bioremediation 

strategies for perchlorate-contaminated groundwater. 

2.0 PROJECT OBJECTIVES 

The objective of this project is to develop a biological treatment technology for in situ remediation 

of perchlorate in subsurface environments. The development of an effective technology for in situ 

perchlorate remediation requires a fundamental understanding of the conditions that limit biological 

perchlorate reduction in groundwater and the most effective means to overcome such limitations. This 

research effort is designed to provide this fundamental understanding. We hypothesize that four key 

factors may be contributing to the persistence of perchlorate at various subsurface sites. These key 

factors and our approach to their evaluation in this research effort are as follows: 

(1) Absence of an appropriate substrate (electron donor) for growth of indigenous 

perchlorate degrading bacteria. Based on preliminary studies, we believe that the absence 

of an oxidizable substrate is the key factor limiting biological perchlorate degradation at 

many subsurface sites. Therefore, experiments were conducted using aquifer samples from 

contaminated field sites to evaluate the potential of numerous organic and inorganic electron 

donors to stimulate perchlorate reduction in situ. The most promising electron donors were 

tested in a flow-through aquifer system to provide relevant kinetic data for modeling and field 

trials. 

(2) Presence of alternative electron acceptors for bacterial respiration, including O2, NOi, 

and N02- in groundwater. Perchlorate serves as an electron acceptor for bacteria during 

anaerobic respiration. The microbial reduction of one electron acceptor is frequently 

influenced by the presence of others (e.g., oxygen inhibits dissimilatory nitrate reduction). 

The general relationship between perchlorate and other common electron acceptors is 

unclear. However, nitrate, nitrite, and oxygen have been observed to inhibit perchlorate 

reduction by a few bacterial cultures (Attaway and Smith, 1993; Logan, 1998). Because each 

of these molecules as well as other electron acceptors such as sulfate and iron are frequently 

present in groundwater, understanding their influence on microbial perchlorate reduction is 

critical to successful remediation efforts. Experiments conducted during this project were 
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designed to assess the influence of common electron acceptors, such as oxygen and nitrate, 

on perchlorate degradation by naturally occurring bacteria in field samples and by microbial 

isolates. 

(3) Lack of an indigenous population of bacteria capable of perchlorate reduction. In some 

environments, bacteria with the metabolic enzymes to reduce perchlorate to chloride may be 

absent. In such cases, augmentation with exogenous microorganisms will be required for in 

situ remediation. As part of this research effort, bacterial strains and consortia were isolated 

from Envirogen's FBR systems that are currently treating perchlorate and from aquifer 

samples collected from perchlorate-contaminated sites. The potential for these strains to 

degrade perchlorate in situ under relevant environmental conditions was then evaluated in 

microcosm studies. These cultures were also used to provide necessary parameters for a 

biodegradation model developed during this research project. 

(4) Unfavorable environmental conditions for activity of indigenous perchlorate degraders. 

The role of environmental variables on in situ perchlorate degradation has not been 

extensively studied. In addition to evaluating the effect of electron acceptors such as nitrate 

on perchlorate reduction, experiments were undertaken to look at the effect of salinity (ionic 

strength), pH, and co-contaminants on microbial perchlorate degradation. These factors may 

be extremely important at specific sites (e.g., salinity in groundwater at coastal sites) but, as 

yet, they have not been investigated. 

The research performed during this project was designed to provide extensive information on (1) the 

potential for successful perchlorate remediation at subsurface sites by addition of electron donors (i.e., 

biostimulation); (2) the most effective electron donors to use in biostimulation efforts, and the expected 

concentrations and remediation kinetics achievable with these donors; (3) the possibility for successful 

bioaugmentation (i.e., injection of bacterial isolates) for subsurface perchlorate remediation; and (4) the 

probable influence of alternate electron acceptors and environmental variables on perchlorate reduction 

during biostimulation and/or bioaugmentation efforts. These data will provide the fundamental knowledge 

required for the design and implementation of pilot-scale and full-scale remediation efforts at perchlorate 

contaminated sites. 
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3.0 TECHNICAL APPROACH 

The research tasks conducted during this project are summarized in the following section. 

Task 1. Col/ect Aquifer Solids and Groundwater from Field Sites. Aquifer samples from perchlorate

contaminated sites with widely differing geochemical characteristics and contaminant concentrations 

were obtained for use in enrichment, microcosm, and column studies. These samples were collected from 

five perchlorate-contaminated locations in California (2 sites), Texas, Maryland, and Utah, respectively. 

Samples of a perchlorate-contaminated surface soil were also obtained from one location for studies. A 

total of eight different environmental samples were obtained and tested during the project. These samples 

were used in microcosm studies to represent a range of different environments that have experienced 

perchlorate contamination. Column studies were also conducted with one set of these samples to evaluate 

perchlorate degradation kinetics in a flow-through system. 

Task 2. Obtain Microbial Consortia and Individual Bacterial Isolates Capable of Perchlorate 

Degradation. Envirogen has constructed three full-scale fluidized bed reactor (FBR) biotreatrnent 

systems for degrading perchlorate in groundwater. The first of these facilities is located at the Aerojet 

facility in Rancho Cordova, CA. This reactor system, which uses granular activated carbon as a matrix 

and ethanol as an electron donor, has been reducing perchlorate levels in feed water from approximately 4 

mg/L to non-detectable levels « 4 Jlg/L) at flow rates of greater than 4,000 gallons per minute for more 

than 2 years. Food processing waste was used as the original inoculum for the FBR system. The 

objective of this task was to isolate individual perchlorate degrading bacteria or a mixed bacterial culture 

from the FBR system as well as from some of the field sites. One perchlorate degrading culture was 

isolated and identified from the FBR during this project. This culture, designated Dechlorospirillum 

species FBR2, was subsequently used in several different microcosm studies during the course of this 

project. In addition, bacterial isolates were obtained from groundwater at Jet Propulsion Labs and from 

the Rocky Mountain site. The kinetics of perchlorate reduction and the influence of other terminal 

electron acceptors on this process were extensively studied using one of the isolates from JPL, designated 

Dechlorosoma suillum JPLRND. These data were then used as parameters in a kinetic model of 

perchlorate reduction (see Task 5). 
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Task 3. Identify Conditions Required for In situ Biostimulation of Perchlorate Degradation. The 

objective of this task was to develop an understanding of the factors promoting perchlorate degradation in 

subsurface environments as well as the conditions that inhibit the process. Small-scale laboratory 

microcosms were used to evaluate both biostimulation of indigenous perchlorate degrading bacteria and 

the addition of exogenous perchlorate degraders (strain FBR2 isolated during Task 2) for aquifer 

remediation. The factors that were evaluated in these studies include: (A) choice of electron donor 

(substrate) for growth of perchlorate degrading bacteria, (B) the influence of dissolved oxygen, nitrite, 

and nitrate on perchlorate removal, and (C) the role of environmental factors including salinity (ionic 

strength), groundwater pH, and presence of organic co-contaminants on perchlorate degradation. Several 

of these factors were further examined during column studies. Results from these studies revealed that a 

variety of different organic substrates, as well as hydrogen gas, can be used to stimulate perchlorate 

reduction at many sites. The most effective electron donor appeared to vary by site, although acetate, 

lactate, and molasses were generally effective. High salinity and low pH both appear to inhibit 

perchlorate reduction. Perchlorate reduction could not be stimulated in low pH aquifer materials and soils 

(three separate sample locations) by any organic or inorganic substrate. However, when the aquifer or soil 

samples were amended with carbonate to increase alkalinity and pH, perchlorate biodegradation occurred 

in all samples by naturally-occurring microorganisms. 

Task 4. Evaluate Perchlorate Transport and Biodegradation in Pilot-Scale Model Aquifers. The most 

effective treatments for perchlorate degradation in the microcosm studies were further tested using pilot

scale flow through model aquifers. A flow-through model system better approximates in situ aquifer 

conditions than either an aqueous system or a static microcosm, and being continuous flow, inputs of 

perchlorate, substrates, and various groundwater constituents, including terminal electron acceptors such 

as oxygen and nirate, can be controlled and varied. The model aquifers, which were designed at 

Envirogen to simulate subsurface conditions, were constructed from steel tubing. Columns of 50-cm and 

30-cm total length were used in various studies. The columns were built with sampling ports at various 

distances from the bottom (upward flow) where aqueous subsamples could be withdrawn by syringe. The 

columns were packed with subsurface sediments from the Longhorn Army Ammunition Plant (LHAAP), 

and an artificial groundwater was prepared based on the geochemical characteristics of the LHAAP 

groundwater. A peristaltic pump supplied a continuous flow of groundwater from a reservoir to a port at 

the bottom of the columns. Separate syringe pumps were used to supply electron donor. The entire 

system was airtight so that anoxic conditions could be generated within the column. 

The initial 50-cm column was run for more than 200 days. The flow characteristics in the column 

(including mixing at the influent port and groundwater transport) were initially quantified using bromide 
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as a conservative tracer. The column was then fed acetate as an electron donor, and the degradation of 

perchlorate, acetate, oxygen, and nitrate was quantified with time and with distance in the column. The 

concentrations of acetate, perchlorate and nitrate were varied during the column study, and the influence 

of these changes on the kinetics of perchlorate biodegradation was determined. The impacts of pH and 

chlorate addition were also examined. The data from this column were subsequently used to test a 

coupled biodegradation-transport model for perchlorate in the subsurface. An additional 30-cm column 

was constructed and used to determine the potential use of lactate as an electron donor, to evaluate the 

degradation of perchlorate in the absence of nitrate, to assess the potential for sustained biodegradation of 

very low perchlorate concentrations (50 - 250 JlgIL), and to determine if perchlorate and a second 

explosive compound, hexahydro- l ,3,5-trinitro-l ,3,5-triazine (RDX), can be biodegraded simultaneously 

with lactate as an electron donor. 

Task 5. Modeling. Biodegradation and reactive transport modeling were performed as part of this 

SERDP project. A biodegradation model was initially developed (Task 5a), parameters required for the 

model were determined experimentally in the laboratory using the bacterium Dechlorosoma suillum 

JPLRND (Task 5b), and a fully-coupled biodegradation and transport model for perchlorate was then 

developed using the software HydroBioGeoChem123D (HBGC123). This model was tested using data 

from the model aquifers described in Task 4. 

Task 5a. Development of a Biodegradation Model for Perchlorate. A mathematical model was 

developed to describe the kinetics of perchlorate biodegradation. This concept of this model is based 

on the program RT3D developed by Battelle Pacific Northwest National Laboratory. The 

biodegradation of an electron donor and consumption of multiple electron acceptors are described 

using modified Monod equations. The rate of perchlorate degradation is described as a function of 

the electron donor utilization rate, the presence of alternate electron acceptors, and rates of biomass 

growth and decay. Inhibition factors are included in the model to describe the effect of alternate 

electron acceptors (nitrate and oxygen) on perchlorate degradation. The model links the dynamics of 

the microbial population to the consumption of electron donor and acceptors and describes bacterial 

growth and decay. 

Task 5b. Quantification of Model Parameters. Microcosm experiments were conducted to determine 

the input parameters for the biodegradation model. The studies utilized a perchlorate degrading strain 

(Dechlorosoma suillum JPLRND) isolated from groundwater underlying the Jet Propulsion 

Laboratory in Pasadena, CA during previous work for this project. A series of batch experiments 
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were conducted with the strain using a range of starting donor (acetate) concentrations where oxygen, 

nitrate, or perchlorate were present in excess as electron acceptors. The maximum specific growth 

rate and half saturation constant for growth of the organism on acetate with each electron acceptor 

were determined. Similar experiments were performed to determine the growth rate parameters for 

each acceptor when starting donor concentrations were constant and not limiting (i.e., detectable 

donor remained at the end of the experiment), while acceptor concentrations were varied. Due to the 

low solubility of oxygen, these experiments were performed only for perchlorate and nitrate. 

Experiments were also conducted to evaluate potential inhibition effects of nitrate and oxygen on 

perchlorate biodegradation. Varying concentrations of each electron acceptor were added to flasks 

containing a culture that was actively-degrading perchlorate, and the subsequent rate of perchlorate 

degradation was quantified. Inhibition factors for each terminal electron acceptor were determined for 

the model using the results from these studies. 

Task 5c. Development of a Reactive Transport Model. Groundwater flow and reactive transport 

modeling was conducted to verify degradation rates derived from laboratory studies and to aid design 

of field-scale applications. Groundwater flow modeling was initially performed to simulate 

perchlorate transport in aquifer columns. The software HydroBioGeoChem123D (HBGC123D) was 

used to describe the one-dimensional transport of bromide and perchlorate in the laboratory columns. 

This software was chosen because of its capability to describe the transport and consumption of 

multiple electron acceptors. Once non-reactive perchlorate transport was adequately simulated, the 

biodegradation model developed in Task Sa was incorporated into the program. The fully-coupled 

model was then used to simulate perchlorate biodegradation under flowing conditions. Data from the 

column studies were used for simulations. The model did not adequately describe biodegradation 

data from the column studies. Model simulations predicted no significant losses of acetate (electron 

donor), perchlorate, nitrate, or oxygen within the column. Inspection of the model data revealed that 

the simulated biomass within the column decayed much faster than it grew, resulting in the lack of 

electron donor or acceptor biodegradation. 

This difference between the laboratory data (which showed degradation of acetate and all 

three electron acceptors along the column profile) and the model prediction suggests that one or more 

of the assumptions of the biodegradation model were critically violated. Factors that may contribute 

to the discrepancy between the model and experimental data include: 1) a lower biomass decay rate in 

the column than the value determined from the batch experiments; 2) enzyme induction rather than 

biomass growth during the lag period preceding biodegradation; 3) higher biomass concentrations in 

the column at the onset of biodegradation as compared to the value measured at the beginning of the 
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laboratory experiments; and 4) the decay of microbial populations to a minimum value (capable of 

sustaining acetate degradation and perchlorate utilization) rather than zero, as assumed by the model. 

Based upon results from this task, further research and investigation are needed to improve the 

coupling process between the perchlorate biodegradation model developed from microcosm 

experiments and the transport and utilization of perchlorate in column and groundwater flow 

experiments. 

Detailed methods and results for each research task are provided in the following section. 

4.0 PROJECT ACCOMPLISHMENTS 

4.1 SAMPLE COLLECTION 

Aquifer samples were collected from five perchlorate-contaminated locations: (1) the Jet 

Propulsion Laboratory (JPL) in Pasadena, CA; (2) the Indian Head Division Naval Surface Warfare 

Center (IHDN) in Indian Head, MD (2 field sites), (3) the Longhorn Army Ammunition Plant (LHAAP) 

in Karnack, TX (2 field sites, one surface soil); (4) the Boeing Company, Sacramento, CA (2 field sites), 

and (5) a commercial facility in the Rocky Mountains, UT. Aquifer solids and groundwater were 

obtained from the first three locations, and groundwater only was obtained from the Rocky Mountain and 

the Boeing sites. Samples of a perchlorate-contaminated surface soil were also obtained from LHAAP. 

Samples were collected from multiple locations at many of the sites based on geochemistry and 

perchlorate concentrations; a total of nine different environmental samples were collected for this project. 

These samples were used in microcosm studies to represent a range of different environments that have 

experienced perchlorate contamination. In addition, one set of samples from LHAAP was used to prepare 

a series of flow-through aquifer columns. The details of sample collection as well as the geochemical 

characteristics of each sample are provided below. 

4.2 ISOLATION AND IDENTIFICATION OF PERCHLORATE DEGRADING BACTERIA FROM FBRs AND 
FIELD SITES 

Methods 

One objective of this task was to enrich and isolate consortia and pure cultures of perchlorate degrading 

bacteria for use in microcosm studies (i.e., evaluation of bioaugmentation for perchlorate degradation) as 

well as to better understand variables influencing perchlorate degradation at the cellular level. The 

cultures were also used to develop appropriate parameters for a model of perchlorate biodegradation (see 

section 4.5). Enrichment cultures were prepared from Envirogen bioreactors and from subsurface 
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samples collected at JPL, mow, and the RM site. Samples were added to a phosphate-buffered 

enrichment medium containing ammonium chloride, numerous trace elements (Co, Mn, Cu, AI, etc), 

casamino acids (0.5 giL) and yeast extract (0.5 giL) as sources of vitamins and other growth factors 

potentially required by the organisms. This medium is a modified from that described by Hareland et al. 

( 1975). The isolation medium was amended with ammonium perchlorate to 1000 mg/L (CI04") and 

ethanol or acetate (JPL enrichment) to 500 mg/L. The samples were incubated on a rotary shaker 

operating at 100 rpm and 30°C in the dark. 

The bottles were periodically checked for signs of microbial growth (turbidity). Any samples 

showing turbidity were transferred to fresh, sterile media under anoxic conditions. To conduct a transfer, 

serum bottles were opened using aseptic conditions in the anaerobic chamber, and a small volume of the 

media (0.025 - 0.050 mL) was pipetted to a serum bottle with fresh media. After several transfers, 

perchlorate levels were checked in bottles showing microbial growth, and subsamp1es from each bottle 

showing perchlorate degradation were plated on two types of agar media. Liquid samples were plated on 

R2A agar, (a simple medium designed for culturing groundwater bacteria), and incubated aerobically, as 

most perchlorate degrading cultures are facultative anaerobes. Samples were also plated on a solid agar 

medium containing the same constituents as the enrichment media plus 15 g of agar per liter. Individual 

colonies were selected from solid agar plates and streaked on fresh plates several times in succession until 

each appeared to be a pure culture. The cultures were then inoculated from plates into liquid media with 

perchlorate, and perchlorate degradation was tested. Cultures that reduced perchlorate were rechecked for 

purity, then identified using 16S rRNA analysis (Acculab Inc., Newark, DE). 

Results 

Some of the samples collected from mow showed microbial growth after several days of incubation and 

were transferred. A few of these samples again became turbid after transfer, and were passed one or two 

additional times. However, when levels of perchlorate were tested in the enrichments, none showed 

appreciable perchlorate degradation. Thus, although some microbial growth was observed in these 

samples, the bacteria did not appear to be perchlorate degrading strains. 

One pure culture was isolated from bioreactor samples initially collected from a fluidized bed 

bioreactor treating perchlorate in California (Figure 1A). The culture, which was identified by 16S rRNA 

analysis as a Dechlorospirillum sp., was used in several microcosm studies. The Dechlorospirillum sp. 

(FBR2) is very similar to a bacterium (strain WD) isolated from swine waste by Or. John Coates at 

Southern Illinois University (SID). The tWo strains have a 0.4 % nucleotide difference. This appears to 

be the only other organism in the available 16S rONA databases that has reasonable similarity to strain 

FBR2. In addition to strain FBR2, two pure cultures were isolated from aquifer samples collected from 
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JPL. These cultures were each identified at the species level as Dechlorosoma suillum. This perchlorate 

degrading genus, which was recently named and described by Achenbach et aI., (2001), appears to be 

widely dispersed in the environment. A photomicrograph of D. suillum JPLRND is given in Figure l B. 

This bacterium was subsequently used in a series of studies to develop kinetic data for the biodegradation 

model. These studies evaluated the growth rate of JPLRND on acetate, with perchlorate, nitrate, and 

oxygen as terminal electron acceptors. Studies were also conducted with this strain to determine possible 

inhibition of perchlorate reduction by both nitrate and oxygen. A positive enrichment culture was also 

obtained from the RM groundwater sample using lactate as a carbon source, and two perchlorate 

degrading strains were purified from the enrichment culture. However, because Dechlorospirillum sp. 

FBR2 and D. suillum JPLRND were used extensively for laboratory studies and were adequate to fulfill 

the objectives of this project, the two bacteria isolated from the RM water were not identified or studied 

further. However, all of the strains isolated during this project were sent to Dr. Coates at SID for further 

study and inclusion in his collection of perchlorate degrading bacteria. In addition, the two pure cultures 

isolated from JPL were supplied to Dr. Mark Losi from Foster Wheeler Corporation as a seed material to 

inoculate fixed film bioreactors for testing performed at the JPL facility. 

Figure 1. Photomicrograph of Dechlorospirillum sp. FBR2 (A) and Dechlorosoma suil/um 
JPLRND (B). Cells are Stained with Acridine Orange. 

Conclusions 

The preliminary results of this project suggest that perchlorate degrading bacteria are widely-occurring in 

the environment. Pure cultures were isolated from groundwater at the Jet Propulsion Laboratory, from 

Envirogen reactors (initially seeded with food processing waste), and from the Rocky Mountain site. 

Although pure cultures were not isolated from the IHDIV samples, laboratory results showed that 

perchlorate degrading bacteria are present at this site. The enrichment media used for culture isolation 
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may not have been appropriate based on the physiology of the strains in this environment. In addition, 

although enrichment studies were not performed with samples from the other sites, perchlorate 

biodegradation was stimulated in all 9 environmental samples (8 aquifer samples and 1 soil sample) when 

appropriate electron donors were added, although pH adjustment was also required in acidic samples (see 

next section). Thus, naturally-occurring perchlorate reducing strains were present in all locations. Few 

studies exist regarding the occurrence and phylogeny of perchlorate degrading bacteria in natural 

environments. However, the strains identified during this project (Dechlorospirillum sp., Dechlorosoma 

sp.) are similar to bacteria recently discovered by John Coates and colleagues (Coates et aI., 1999; 

Achenbach et aI., 2001) in various environmental samples. Additional studies are necessary to better 

understand the natural distribution and role of this newly identified group of bacteria in the environment, 

and to determine why the perchlorate reductase and chlorite dismutase enzymes that are characteristic of 

these strains are so widely conserved. 

4.3 LABORATORY MICROCOSM STUDIES 

The objective of this task was to develop an understanding of the factors promoting perchlorate 

degradation in subsurface environments as well as the conditions that inhibit the process. Small-scale 

laboratory microcosms were used to evaluate both biostimulation of indigenous perchlorate degrading 

microbes and the addition of exogenous perchlorate degraders for aquifer remediation. The factors that 

were evaluated in these studies include: (A) choice of electron donor (substrate) for growth of perchlorate 

degrading bacteria, (B) the influence of dissolved oxygen, nitrite, and nitrate on perchlorate removal, and 

(C) the role of environmental factors including salinity (ionic strength), groundwater pH, and presence of 

organic co-contaminants on perchlorate degradation. The results from microcosm studies are reported in 

this section on a site-specific basis. 

4.3.1. JET PROPULSION LABORATORY (JPL) 

Groundwater samples and well-bottom sediments were collected from the Jet Propulsion Laboratory 

(JPL) on April 27, 2000. These samples were used in a series of microcosm studies to evaluate (1) the 

most effective electron donors for the stimulation of perchlorate reducing bacteria at the site (adding 

substrate but not bacteria); (2) the possibility for successful bioaugmentation (i.e., injection of bacterial 

isolates) for subsurface perchlorate remediation; (3) the influence of alternate electron acceptors (nitrate, 

nitrite, and oxygen) on perchlorate degradation; and (4) the roles of two environmental variables, pH and 

salinity, on perchlorate degradation. 
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4.3.1.1 Sample Collection 

Groundwater: Groundwater was collected from monitoring well 7 (MW -7) at the JPL site. Aseptic 

sampling techniques and sterile sample containers were used to prevent contamination of groundwater 

with non-native bacteria. 

C:':.J Aquifer Solids: Aquifer core samples were not collected for these studies. The extreme depth to 

contaminated groundwater at JPL (> 200 ft) makes collection of subsurface solids problematic and 

expensive. However, a bailing device was used to collect sediments from the bottom of MW-7. The well 

sediments provided sediment material (and associated microflora) for microcosms. Microcosms were set 

up using groundwater only and groundwater mixed with solids from the bottom of the well. 

4.3.1.2 Electron Donor Addition and Bioaugmentation 

Methods 

Small-scale laboratory microcosms were used to evaluate both biostimulation of indigenous perchlorate 

degrading microorganisms and the addition of exogenous perchlorate degraders for aquifer remediation at 

JPL (Figure 2). Microorganisms capable of degrading perchlorate utilize the molecule as an electron 

acceptor during growth on either an organic or inorganic substrate. The absence of an appropriate 

electron donor in subsurface aquifers contaminated with perchlorate is probably one of the key factors 

leading to its persistence in situ. The factors influencing the choice of substrate to promote perchlorate 

biodegradation are likely to include the physiology of the perchlorate degrading strains, the character of 

the natural micro flora competing with those strains for growth, and the geochemistry at the site. The 

objective of this phase of work was to test a variety of substrates in groundwater samples collected from 

JPL and determine which substrates, if any, are most efficient at stimulating perchlorate reduction. 

Microcosms to evaluate perchlorate degradation were prepared in sterile, 160-mL serum bottles. 

All experimental work was performed in a Coy Environmental Chamber with a nitrogen headspace. In 

one study, groundwater and well solids (silty material) were mixed together in a ratio of approximately 

6: I in a large sterile bottle. The slurry material was amended with a sterile stock of diammonium 

phosphate to provide nitrogen (5 mg/L as �) and phosphorus (4.5 mg/L as P) as nutrients for bacterial 

growth, then 120-mL volumes were added to serum bottles. Triplicate serum bottles were amended with 

one of the following substrates to 200 mg/L: methanol, ethanol, acetate, benzoate, lactate, sucrose, 

molasses or a mixture of ethanol/yeast extract (100 mg/L each). Triplicate bottles also received hydrogen 

gas or propane in the headspace as gaseous substrates. Several microcosms were inoculated with 

Dechlorospirillum sp. FBR2. Acetate and ethanol/yeast extract were tested as electron donors in these 
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samples. Triplicate samples were prepared without any substrate, and triplicate bottles received 

formaldehyde (1 %) to inhibit all biological activity. All bottles were crimp-sealed with sterilized Teflon

lined septa and incubated at 15°C to approximate in situ temperatures. After 10 and 21days of incubation, 

a 20-mL subsample was removed from each bottle. The samples were analyzed for perchlorate by ion 

chromatography (IC) using EPA Method 314.0. 

A second microcosm study was conducted using only groundwater collected from MW -7 (i.e., no 

sediment). Sterile serum bottles received 120-mL of groundwater and acetate, yeast extract, methanol, or 

molasses at a concentration of 200 mg/L. Microcosms without added substrate were also prepared as were 

killed controls (1 % formaldehyde). Sampling and analysis were conducted as described for the previous 

study. 

Figure 2. Photograph of Aquifer Microcosms. 

Results 

The water collected from well MW -7 contained perchlorate at 307 Jlg/L (Ppb). The water also contained 

nitrate at a starting concentration of 18.6 mg/L (as N03), sulfate at 44 mg/L, 140 mg/L of alkalinity (as 

CaC03) and dissolved oxygen at 2.6 mg/L. 

Sediment/Groundwater Microcosms: The starting perchlorate concentration in microcosms prepared with 

groundwater and sediments was 310 Jlg/L. The initial pH was 7.6. The microcosms also contained high 

levels of ferric iron (> 600 mg/L), which was present in the sediment sample. The iron was probably well 

casing that had oxidized and settled to the well bottom. After 10 days of incubation at 15°C, perchlorate 

levels were below detection (PQL; 5 Jlg/L) in microcosms amended with acetate, ethanol, ethanol/yeast 
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extract, lactate and molasses (Table 1). The perchlorate concentration in all samples augmented with 

exogenous perchlorate degrading bacteria (D. suillum FBR2) was also below detection after 10 days. 

After 21 days of incubation, perchlorate was below detection in all live samples except those amended 

with benzoate as an electron donor. Interestingly, perchlorate was also degraded in samples without 

added electron donor. An organic or inorganic electron donor associated with the well sediments (e.g., 

reduced iron, natural organic matter) probably supported biological perchlorate reduction in these 

samples. This hypothesis is supported by the observation that perchlorate was not degraded in 

groundwater samples without electron donor added (see next section). No perchlorate loss was evident in 

samples that were treated with formaldehyde to inhibit biological activity. Nitrate was also degraded to 

below detection in the live aquifer microcosms, but not in killed controls (data not shown). 

Table 1. Perchlorate Degradation in JPL Sediment/Groundwater Microcosms Amended with 
Various Electron Donors or Perchlorate Degrading Bacteria. 

Treatment Perchlorate Concentration 

Electron Donors Day 0 
Killed Control 3 10 + 0  
Benzoate 310 + 0  
Methanol 3 10 + 0  
Hydrogen 3 10 + 0  
Propane 3 10 + 0  
No Addition 3 10 + 0  
Sucrose 3 10 + 0  
Ethanol 3 10 + 0  
Lactate 310 + 0  
Molasses 3 10 + 0  
Yeast ExtractlEthanol 3 10 + 0  
Acetate 310 + 0  
Bioaugmentation 
Killed + Dechlorospirillum FBR2.i 3 10 + 0  
Dechlorospirillum FBR2+ YElEtoh 310 + 0  
Dechlorospirillum FBR2+ Acetate 310 + 0  

. . . . 
Values are the mean ± standard deVIation from trtphcate mIcrocosms. 

2 NS:Not sampled because previous sample point was below detection. 

O12/L)1 
Day 10 
293 + 6  
297 + 6  

77 + 57 
177 + 61 
283 + 6  

14 + 19 
92 + 67 
< 5  
< 5  
< 5  
< 5  
< 5  

385 + 7  
< 5  
< 5  

Day 21 
320 + 0  
150 + 135 

< 5  
< 5  
< 5  
< 5  
< 5  
NS� 
NS 
NS 
NS 
NS 

415 + 7  
NS 
NS 

3 Dechlorospirillum sp. FBR2 is a perchlorate degrading culture isolated from a fluidized bed bioreactor. 

Groundwater Microcosms: Perchlorate degradation was somewhat slower in microcosms containing 

groundwater compared to those with sediments (Figure 3). However, after 21 days of incubation, 

perchlorate was below detection (PQL; 5 Jlg/L) in triplicate samples amended with acetate. Appreciable 

degradation of perchlorate was also observed in samples amended with yeast extract or molasses. 
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Perchlorate was not degraded in samples treated with methanol as an electron donor or in those without 

added electron donor. The killed samples ( 1  % formaldehyde) also showed no loss of perchlorate. 

Conclusions 

The results from the microcosm study using aquifer samples from JPL suggest the following: (1) 

indigenous bacteria capable of degrading perchlorate are present in the aquifer underlying JPL; (2) these 

bacteria can be stimulated to degrade perchlorate by the addition of electron donors; and (3) perchlorate 

levels can be reduced to below 5 J.1g/L through biostimulation. The fact that perchlorate degradation was 

observed in groundwater microcosms, without sediment, is very promising, since microbial biomass in 

aquifers is usually associated primarily with solids. 

350 �------------------------------------� 

::J 250 
C, 
::s 
-; 200 
f 
o 
:E 150 
e 
� 100 

50 

o LL������������������� 
o 5 10  1 5  20 25 30 35 

Days 

Figure 3. Influence of Different Electron Donors on Perchlorate 
Biodegradation in Groundwater Microcosms from JPL. 

4.3.1.3. Influence of Alternate Electron Acceptors on Perchlorate Biodegradation 

Methods 

The objective of this study was to determine the influence of oxygen, nitrate, and nitrite on perchlorate 

degradation by natural micro flora in aquifer samples from JPL. Aquifer microcosms were used to assess 

the role of these molecules on perchlorate reduction by natural micro flora in the subsurface samples. 

Based on results from the previous study of electron donors, ethanol was chosen as the electron donor for 

these experiments. 

The microcosms were set up as described in the previous section (160-mL serum bottles, 120-mL 

aquifer slurry of sediments and groundwater). Eight microcosms were initially amended with perchlorate 
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to provide a starting concentration of 100 mgIL. Duplicate microcosms at an initial concentration of 100 

mgIL perchlorate received the following treatments: (1) ethanol only (100 mgIL); (2) ethanol (100 mg/L) 

and N03 (100 mglL); (3) nitrate only (100 mglL) (i.e., no ethanol); or (4) ethanol (100 mgIL), N03 (100 

mgIL), and formaldehyde (killed control). To evaluate the role of nitrite (N02) on perchlorate 

degradation, duplicate bottles were amended with the following (1) ethanol (100 mgIL) and 1 mgIL 

nitrite; (2) ethanol (100 mgIL) and 10 mgIL nitrite; or (3) ethanol only. A killed control was also 

prepared for this study by adding 1 % formaldehyde to one set of duplicate samples. In a third 

experiment, the effect of oxygen on perchlorate degradation was determined by oxygenating the 

headspace of two bottles containing 300 JlgIL perchlorate and ethanol (100 mgIL). The samples were 

incubated at 15°C. Aqueous subsamples were periodically removed from each microcosm for perchlorate 

analysis by EPA Method 314.0 and analysis of nitrate and nitrite by EPA 300.0 series methods. 

Results 

There was no loss of perchlorate, nitrate, or nitrite in any of the samples that were treated with 

formaldehyde to inhibit microbial activity. Thus, all reductions in the concentrations of these anions in 

aquifer samples are assumed to be biological. Nitrate was degraded before perchlorate in samples that 

received both anions at initial concentrations of 100 mg/L (Figure 4). Nitrate was reduced to below 

detection after only 4 days of incubation, with no apparent lag period. Nitrite, which is the initial product 

in biological denitrification and nitrate reduction, was detected in samples at day 4, but this anion was 

also degraded to below detection by day 7. A lag period of approximately 16 days occurred before 

perchlorate degradation commenced in these microcosms. However, perchlorate was reduced from 100 

mgIL to below detection « 5 JlglL) between day 16 and day 28. Interestingly, the degradation of 

perchlorate was slightly more rapid in samples that were initially amended with nitrate to 100 mgIL 

compared to those that did not receive the anion (Figure 5). This may reflect the growth of a population 

of denitrifying bacteria (stimulated by nitrate addition) that subsequently degraded perchlorate. 

Samples that were not amended with ethanol as an electron donor showed no perchlorate 

degradation during a 22-day incubation period (Figure 6). In these same samples, however, nitrate levels 

declined from 100 to approximately 40 mgIL during the initial 7 days of incubation. During this same 

time, levels of nitrite in the samples increased from below detection to nearly 40 mgIL. On a molar basis, 

this represents a nearly stoichiometric reduction of nitrate to nitrite. Thus, the data show that nitrate was 

biologically reduced to nitrite, but not further (i.e., to nitrogen gas or ammonia) in the absence of an 

added electron donor. The substrate supporting this reaction is unclear, but may be organic matter 

associated with the well-bottom sediments. 
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Like nitrate, nitrite added to aquifer microcosms at either 1 or 10 mg/L was degraded before 

perchlorate (data not shown). The addition of nitrite at these levels did not appear to influence the rate of 

perchlorate degradation (i.e. after the initial lag period, the rate of perchlorate reduction was the same in 

samples with and without added nitrite). The degradation of perchlorate was completely inhibited by the 

presence of oxygen in aquifer samples (Figure 7). This result confirms previous findings than perchlorate 

degradation occurs only under anoxic conditions. 

Conclusions 

The data from this set of experiments suggest that nitrate and nitrite are degraded preferentially to 

perchlorate in this subsurface environment. It is unclear from these results whether the presence of nitrate 

or nitrite actually inhibits biological perchlorate degradation, however, in no instance was perchlorate 

degradation observed until both of these competing electron acceptors were degraded in the samples. In 

subsequent studies with a pure culture isolated from this site (D. suil/um JPLRND), nitrate was observed 

to inhibit active perchlorate degradation, suggesting that it may be a biochemical inhibitor of biological 

perchlorate reduction (see section 4.5.6.4. 1. Influence of Nitrate on Perchlorate Reduction). An 

understanding of the relationship between perchlorate and competing electron acceptors (e.g., oxygen, 

nitrate, nitrite, ferric iron) is important because these molecules frequently occur with perchlorate in 

groundwater. For example, the groundwater collected from JPL contained 18.6 mg/L of nitrate but only 

300 Jlg/L or perchlorate. Therefore, an understanding of whether nitrate impedes perchlorate degradation 

(i.e., due to enzyme inhibition or other factors) may be important in evaluating treatment options at 

contaminated sites. 
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4.3.1.4 Influence of pH and Salinity on Perchlorate Degradation 

Methods 

Little infonnation exists on the influence of environmental variables such as temperature, pH, salinity, 

redox potential, alkalinity, and the presence of additional contaminants on biological degradation of 

perchlorate in groundwater. The influence of two environmental variables, pH and salinity, on 

perchlorate degradation was tested using aquifer samples from JPL. To assess the influence of salinity on 

perchlorate removal in field samples, a synthetic seawater medium (Atlas, 1995) was prepared at 0.5X, 

IX, and 2X concentrations. The stocks were then mixed 1: 1 with groundwater from the field site yielding 

salinities ranging from 0.25 X to 1 X that of seawater. The samples were then amended with perchlorate 

back to the initial concentration (� 300 J.1g1L). Ethanol was used as the electron donor in these studies. 

Killed controls were prepared at each level of salinity by adding fonnaldehyde to samples to a final 

concentration of 1 %. All microcosms were prepared and incubated under anoxic conditions. Aqueous 

subsamples were removed periodically and analyzed for perchlorate as described previously. 

The role of pH on perchlorate biodegradation was evaluated essentially as described for salinity. 

In this case, however, the pH rather than the ionic strength of the aquifer material was manipulated. 

Because the buffering capacity of groundwater is limited, MES (2-[N-morpholino]ethanesulfonic acid; 

pKa = 6.1) buffer was added to samples at a concentration of 2 mM to maintain pH at desired levels. The 
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slurry material was then divided into 5 sterile beakers in the anaerobic chamber and the pH of each 

sample was adjusted using sterilized HCI or NaOH. The final pH levels of the slurries were 4.0, 5.0, 6.0, 

7.0, or 8.0. The pH-adjusted slurry material was then added to sterile 160-mL serum bottles in triplicate. 

One bottle at each pH was amended with formaldehyde to a final concentration of 1 % to inhibit microbial 

activity. Aqueous subsamples were removed from each sample at various times during incubation at 

15°C and analyzed for perchlorate by EPA Method 314.0. 

Results and Conclusions 

Salinity: The rate of perchlorate degradation in microcosms prepared from the JPL aquifer samples 

declined moderately with increasing salinity (Figure 8). During a 29-day incubation period, the 

perchlorate concentration in samples containing salinity at 25 or 50% that of seawater (0.8% and 1.6%, 

respectively) declined from a starting concentration of approximately 350 Jlg/L to below detection (PQL; 

4 Jlg/L). The perchlorate concentration in samples brought to the salinity of seawater (-3.2% total 

salinity) also declined during 29 days, but approximately 150 Jlg/L remained at the end of the incubation 

period. There was no degradation in the killed controls. The results from this experiment show that 

perchlorate degradation is possible at salt levels at least as high as in sea water, although rates may be 

appreciably reduced compared to less saline environments. This observation confirms recent work by 

Logan et al. (2001) in which the authors successfully developed three perchlorate degrading enrichment 

cultures at a salinities ranging from 3 - 7%. Pure cultures were not obtained during this study. In 

addition, the rates of cell growth appeared to be extremely slow (with maximum cell doubling times of 

greater than 10 days) compared to non-salt-tolerant cultures. The 5 isolates obtained during this SERDP 

project were subsequently tested for salt tolerance by adding 1 - 5% NaCI to BSM medium. None of the 

cultures degraded perchlorate at salt levels of 1 % or higher. Thus, while salt tolerant perchlorate 

degrading strains appear to exist based on our data from JPL and data from other laboratories, this trait 

appears not to be common among this group of organisms. 

pH: The biodegradation of perchlorate was most rapid in JPL aquifer samples brought to a pH of 8.0 

(Figure 9). Levels of perchlorate declined from approximately 250 Jlg/L to less than 4 Jlg/L in 28 days. 

Perchlorate was also completely degraded in samples at a pH of 7.0 during the 28-day incubation. 

However, at pH values of 4.0, 5.0, and 6.0, little or no perchlorate losses were observed in the aquifer 

microcosms. These results are supported by data from two additional sites (lHDIV and LHAAP) that 

suggest that low pH is inhibitory to perchlorate reduction in environmental samples (see next two 

sections). 
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4.3.2 INDIAN HEAD DIVISION, NAVAL SURFACE WARFARE CENTER (lHDIV), INDIAN 
HEAD, MARYLAND 

4.3.2.1 Sample Collection 

Aquifer solids and groundwater were collected from two separate locations at IHDIV on August 1, 2000 

to:; using a Geoprobe (Figure 10). The extent of perchlorate contamination in the shallow aquifer at this site 

was unknown, so sampling locations were chosen based on historical use and disposal of perchlorate at 

the site. The initial sample site was the drainage area behind a propellant mixing facility at IHDIV 

(Building 1190 site). The level of the water table at this site is approximately 4 ft below grade. 

Sediments were collected from 4 to 12 ft and groundwater from 6 to 12 ft below grade. The second 

sample location was an open meadow behind building 1419, the rocket "Hog Out" facility at IHDIV (Hog 

Out site). Solid fuel is removed from rockets and missiles in this building using a high-pressure washout 

procedure (i.e., Hog Out procedure). Before 1996, the washout water was discharged through the region 

where the field samples were collected. Sediment samples from 2 to 13 ft below grade were collected and 

homogenized. Groundwater was taken from 6 to 12 feet below grade at the site. 

4.3.2.2 mDIV Building 1190 Site - Evaluation of Electron Donors and Electron Donor 
Concentration on Perchlorate Biodegradation 

Methods 

General Preparation and Sampling: All experimental work was performed in a Coy Environmental 

Chamber with a nitrogen headspace. Sampling for analysis of perchlorate and other parameters was 

performed outside of the chamber. Prior to sample collection, a volume of nitrogen gas was added via 

syringe to the headspace of each microcosm bottle. The addition of nitrogen created backpressure in the 

bottle to facilitate sample withdrawal. More importantly, this method ensured that no oxygen was 

introduced into the bottles during sampling. All samples were analyzed for perchlorate by ion 

chromatography (IC) using EPA Method 314.0. 

Evaluation of Electron Donors: Microcosms to evaluate the influence of different electron donors on 

perchlorate degradation were prepared in sterile, 160-mL serum bottles. Groundwater from the Building 

1190 site was amended with a sterile stock of diammonium phosphate to provide nitrogen (5 mg/L as 

Nl4) and phosphorus (4.5 mgIL as P) as nutrients for bacterial growth. Groundwater and sediment from 

the site were added to each 160-mL bottle at a ratio of approximately 3: 1 (1 OO-mL groundwater and 30-g 

sediment). Each bottle was spiked with a filter-sterilized sodium perchlorate stock solution to a fmal 
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perchlorate concentration of 125 mg/L. Triplicate serum bottles were amended with acetate, ethanol, or 

molasses to 200 mg/L. Triplicate bottles also received hydrogen in the headspace as a gaseous substrate. 

Triplicate bottles were inoculated with a perchlorate degrading culture (FBR2) isolated at Envirogen; 

ethanol was tested as electron donor in these bottles. Killed controls were prepared with acetate as a 

substrate and 1 % formaldehyde to inhibit all biological activity. The bottles were crimp-sealed with 

sterilized Teflon-lined septa and incubated at 15°C to approximate in situ temperatures. At 11, 19, and 34 

days of incubation, a 15-mL subsample was removed from each bottle. Preservation of the samples was 

accomplished by passing the water through sterile nylon filters and storing at 4°C until analysis. 

Figure 10. Collection of Field Samples from the IHDIV 
Hog Out Site. 

Electron Donor Concentration: The objective of this study was to determine the amount of electron donor 

needed to support perchlorate reduction, and to compare the actual electron donor requirement to the 

theoretical requirement. Acetate was used as an electron donor (based on results from the previous 

study), and the quantity required to degrade a given quantity of perchlorate in aquifer microcosms was 

determined. Microcosms were prepared in sterile, 60-mL serum bottles. Nutrient-amended groundwater 

and sediment were combined in each bottle at a ratio of about 4.5:1 (45-mL groundwater and 10-g 

sediment). Each bottle was spiked with a filter-sterilized sodium perchlorate stock solution to a final 

perchlorate concentration of 100 mg/L (109 mg/L actual measured). Sodium acetate was added to 

triplicate bottles at concentrations of 0, 10, 25, 50, 75, and 100 mg/L as acetate. One killed control was 

prepared by adding 1 % formaldehyde to a microcosm containing 100 mg/L acetate. All bottles were 
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crimp-sealed with sterilized Teflon-lined septa and incubated at 15°C to approximate in situ temperatures. 

At 4, 6, 8, 10, and 13 days of incubation, a 7-mL subsample was removed from each bottle. The samples 

were filtered and exposed to air, then frozen to inhibit any additional perchlorate or acetate degradation. 

Perchlorate concentrations were measured in each sample using EPA Method 314.0. 

Results 

Groundwater Analysis: The groundwater collected from the Building 1190 site did not contain 

perchlorate « 4  Jlg/L), nitrate « 0.2 mg/L) or nitrite « 0.2 mg/L) above detection limits. Sulfate was 

present at 12 mg/L, chloride at 43 mg/L, and alkalinity was 40 mg/L (as CaC03). The pH of the water 

was 5.9. A slurry containing 30 g of sediment and 100 mL of water had a pH of 6.1. 

Evaluation of Electron Donors: Perchlorate was not detected in samples collected from the Building 

1190 site, so the aquifer microcosms were amended with the anion to a starting concentration of -125 

mg/L. After 11 days of incubation at 15°C, perchlorate levels were below detection in microcosms 

amended with hydrogen gas (Figure 11). Samples that received acetate declined to 3 mg/L total 

perchlorate during this time. After 34 days of incubation, perchlorate was below detection in samples 

treated with molasses or acetate, as well as those receiving hydrogen as an electron donor. Samples 

receiving ethanol as an electron donor showed no appreciable decline in perchlorate levels. Likewise, no 

perchlorate loss was evident in acetate-amended microcosms that received formaldehyde to inhibit 

biological activity. The perchlorate concentration in live samples that did not receive any exogenous 

substrate declined from 126 to 76 mg/L during 34 days of incubation. A similar decline was previously 

observed with JPL microcosms containing groundwater and sediments (but not groundwater only). This 

decline suggests that an electron donor present at the site, such as natural organic matter or an organic co

contaminant, may support degradation of perchlorate at this location. The absence of detectable 

perchlorate in this region, which served as a deposition area for wash-down water from the Building 1190 

facility, further supports this hypothesis. 

Electron Donor Concentration: Based on stoichiometric calculations, the quantity of acetate required for 

a bacterium to degrade perchlorate is 0.61 mg per mg perchlorate. This ratio was tested in samples from 

the Building 1190 location by varying the acetate dose added to microcosms and evaluating perchlorate 

degradation. Microcosm samples initially received 100 mg/L of perchlorate and either 0, 10, 25, 50, 75, 

or 100 mg/L of acetate. After 10 days of incubation, samples amended with 100 or 75 mg/L of acetate no 

longer had perchlorate at detectable levels (Figure 12). After 13 days, concentrations of perchlorate in 

samples amended with 50 mg/L of acetate were also below detection and samples treated with 0, 10, and 
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25 mg/L acetate had mean perchlorate levels of 8 1 ,  52, and 41 mg/L, respectively. The quantity of 

acetate required for complete removal of perchlorate from the microcosm samples was less than 

determined from reaction stoichiometry. However, as observed in previous samples from this site, 

perchlorate degradation occurred in unamended samples, presumably supported by natural organic 

materials at the site. When this loss is taken into account, the perchlorate degradation observed with 

different levels of acetate become much closer to that expected based on theoretical calculations. These 

ratios are presented for 10, 25, and 50 mglL acetate in Figure 12. Additional studies concerning the ratio 

of electron donor required for perchlorate degradation in natural samples will be conducted in flow

through column studies in Year 2. 
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Conclusions 

The results from the microcosm study using aquifer samples from the Building 1 190 site suggest the 

following: (1) indigenous bacteria capable of degrading perchlorate are present in the shallow aquifer in 

the vicinity of Building 1 190, and (2) these bacteria can be rapidly stimulated to degrade perchlorate to 

below 4 Ilg/L by the addition of several electron donors. The data also suggest that natural attenuation of 

perchlorate is possible at this location. This area was used for the disposal of perchlorate-containing 

wastewater from the mixing facility until 1998, yet the anion was not detected in subsurface samples, 

which suggests attenuation by either transport or biodegradation. In addition, samples amended with 

perchlorate but no electron donor showed significant losses of the anion in microcosm studies. A natural 

electron donor (e.g., humic material) or an organic co-contaminant most likely served as an electron 

donor for biological perchlorate reduction in these samples. 

4.3.2.3 mDIV Hog Out Facility - Evaluation of Electron Donors and pH on Perchlorate Reduction 

Methods 

Electron Donor Addition: A second microcosm study was conducted using groundwater and sediment 

collected from the Hog Out site at IHDN (Building 1419). The experiment was prepared in the same 

manner as described for the previous study, except that no perchlorate addition was required. The starting 

perchlorate concentration in the mixed groundwater and sediment was approximately 45 mg/L. Triplicate 

serum bottles were amended with nutrients (N and P from diammonium phosphate) and one of the 
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following substrates at 200 mg/L: methanol, ethanol, acetate, benzoate, lactate, sucrose, molasses, or a 

mixture of ethanol and yeast extract (100 mg/L each). Triplicate bottles also received hydrogen gas or 

propane in the headspace as gaseous substrates. Triplicate bottles were inoculated with the perchlorate 

degrading enrichment FBR2; ethanol was used as an electron donor in these bottles. In addition, triplicate 

microcosms were prepared with nutrients (N and P) but no substrate, substrate (acetate) but no nutrients, 

and without addition of substrate or nutrients. Killed control samples were prepared with acetate and 

received formaldehyde (1 %) to inhibit all biological activity. All bottles were crimp-sealed with 

sterilized Teflon-lined septa and incubated at 15°C to approximate in situ temperatures. At 11, 20, 36, 

and 71 days of incubation, a 15-mL subsample was removed from each bottle. The samples were 

preserved and analyzed as described for the previous experiment. 

Influence of pH on Perchlorate Biodegradation: An experiment was conducted to determine whether the 

low pH (4.3) of the Hog Out site samples was inhibiting perchlorate degradation at the site. Prior to 

adjusting the pH, the influence of increasing carbonate concentration on slurry pH was tested. The 

resulting titration curve showed that approximately 240 mg/L of additional carbonate was required to 

increase the pH of the slurry to 7.0 (Figure 13). Microcosms were prepared in sterile, 160-mL serum 

bottles. The groundwater was amended with a sterile stock of diammonium phosphate to provide 

nitrogen (1 mg/L NEt as N) and phosphorus (1 mg/L P04 as P) as nutrients for bacterial growth. 

Groundwater and sediment were added to each 160-mL bottle at a ratio of approximately 3:1 ( lOO-mL 

groundwater and 30-g sediment). Acetate was added as the electron donor at 75 mg/L. Perchlorate was 

not added, as the perchlorate concentration in the mixed groundwater and sediment was approximately 45 

mg/L. In eight of the fourteen bottles prepared, the pH was increased from 4.3 to approximately 7.0 by 

adding sodium carbonate. The pH ofthe remaining six microcosms was not adjusted (i.e., pH 4.3). Three 

of the bottles at pH 4.3 and three at pH 7.0 were inoculated with the perchlorate degrading culture FBR2, 

and three bottles at each pH remained uninoculated. Two of the bottles at pH 7.0 received formaldehyde 

(1 %) to inhibit all biological activity. The bottles were incubated on a rotary shaker at 15°C. After 7, 16, 

and 28 days of incubation, a 7-mL subsample was removed from each bottle. Each sample was initially 

centrifuged for approximately 30 minutes at 3,500 rpm to remove sediment fines. The supernatant was 

then passed through a nylon filter and placed at 4°C until analysis. A freshly grown inoculum of the 

FBR2 culture was re-added to three bottles at each pH on Day 10. This procedure was conducted to 

ensure that all bottles amended with the bacterium received active perchlorate degrading bacteria. 
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Figure 13. Carbonate Titration Curve for Sediment Slurries from the 
IHDIV Hog Out Site. 

Groundwater Analysis: The groundwater collected from the Hog Out site contained perchlorate at 25 

mg/L. In a slurry containing 30-g sediment and 100-mL groundwater, perchlorate was detected at 45 

mg/L suggesting that the anion was present at a higher concentration in the sediments collected from the 

site than in the groundwater. This difference may represent perchlorate present in the unsaturated zone of 

the shallow aquifer. Nitrate and nitrite were not detected in samples. Sulfate was present at 88 mg/L, 

chloride at 26 mg/L, and alkalinity was 19 mg/L (as C03). The pH of the water was 4.8, and a slurry of 

water (100 mL) and sediment (30 g) had a pH of 4.3. 

Electron Donor Addition: There was no appreciable loss of perchlorate during the 71-day incubation 

period in any of the microcosms prepared from the Hog Out site samples (Table 2). Ten different 

electron donors did not stimulate perchlorate biodegradation in the samples. Bioaugmentation with an 

exogenous perchlorate degrading culture (FBR2) also did not reduce perchlorate levels. These results 

differ from those with the Building 1190 samples, where several electron donors quickly stimulated 

perchlorate degradation. Rapid reduction in perchlorate levels was also observed in aquifer microcosms 

from the Jet Propulsion Lab and a commercial site in the Rocky Mountains (see following section). The 

most apparent difference between the Hog Out samples and those from other sites is the comparatively 

low pH of the microcosms compared to other samples. The pH of the Hog Out site microcosms was 
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measured at 4.3. Other samples tested prior to this had pH values no lower than 6. 1 .  An experiment was 

subsequently conducted to assess the influence of pH on perchlorate degradation in the Hog Out samples. 

Table 2. Perchlorate Degradation in Aquifer Microcosms 
from the mDIV Hog Out Site. 

Treatment Perchlorate Concentration 
(m2/L)l 

Electron Donors Day 0 Day ll Day 20 Day 36 
Killed Control 42 + 4  41  + 1 44 + 2  36 + 4  
No Substrate 42 + 4  37 + 1 36 + 4  38 + 1 
Nutrients Only 42 + 4  38 + 2  41 + 4  42 + 1 
Hydrogen 42 + 4  38 + 2  40 + 4  32 + 5  
Propane 42 + 4  38 + 1 - 39 + 2  34 + 2  
Ethanol 42 + 4  39 + 2  41 + 2  36 + 4  
Methanol 42 + 4  41 + 2  41  + 1 32 + 2  
Acetate 42 + 4  39 + 1 42 + 2  33 + 1 
Benzoate 42 + 4  40 + 1 43 + 0  32 + 1 
Lactate 42 + 4  38 + 3  43 + 3  33 + 2  
Molasses 42 + 4  43 + 2  43 + 2  28 + 1 
Sucrose 42 + 4  44 + 1 45 + 0  3 1  + 0  
Yeast ExtractlEthanol 42 + 4  43 + 2  44 + 2  35 + 3  
Bioaugmentation 
Inoculum FBR2+ Ethanol 42 + 4  41 + 1 44 + 3  36 + 2  

. . 
Values are the mean ± standard deviatIon from triplIcate microcosms . 

Day 7l 
37 + 2  
39 + 5  
34 + 1 
35 + 2  
37 + 2  
36 + 3  
34 + 2  
37 + 1 
38 + 1 
37 + 2  
36 + 2  
35 + 0  
37 + 2  

36 + 2  

Influence of pH on Perchlorate Degradation: The perchlorate levels in the samples at pH 4.3 did not 

decline appreciably during the study, regardless of whether the samples were bioaugmented (Figure 14). 

Conversely, the samples in which the pH was increased to 7.0 all showed perchlorate biodegradation. 

Perchlorate levels in samples receiving Dechlorospirillum sp. FBR2 declined from 43 to 9 mg/L from day 

7 to day 16, and then to 0. 16 mg/L by day 28. The perchlorate concentration in samples that were 

brought to pH 7.0 but not augmented with the culture declined more slowly, but perchlorate was below 

detection by day 28 of the experiment. Thus, the data suggest that low pH is inhibiting perchlorate 

degradation in the Hog Out site samples. It is interesting that indigenous perchlorate degrading 

microorganisms could be stimulated to degrade the anion at a pH of 7.0 but not at a pH of 4.3. These 

bacteria are obviously able to survive at the low pH, which occurs naturally at this site, yet appear not to 

degrade perchlorate at this pH. The results suggest that there may be a pH below which perchlorate 

biodegradation is physiologically inhibited. 
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